Although G2P[4] rotaviruses are common causes of infantile diarrhoea, to date only the full genomes of the prototype (strain DS-1) and another old strain, TB-Chen, have been analysed. We report here the full genomic analyses of two Bangladeshi G2P[4] strains, MMC6 and MMC88, detected in 2005. Both the strains exhibited a DS-1-like genotype constellation. Excluding the VP4 and VP7 genes, and except for VP3 of MMC88, the MMC strains were genetically more closely related to the contemporary G2P[4] and several non-G2P[4] human strains than the prototype G2P[4] strain. However, by phylogenetic analyses, the VP2, VP3 (except MMC88), NSP1 and NSP3-5 genes of these strains appeared to share a common origin with those of the prototype strain, whilst their VP1, VP6 and NSP2 genes clustered near a caprine strain. The VP3 gene of MMC88 exhibited maximum relatedness to a local caprine strain, representing the first reported human G2P[4] strain with a gene of animal origin.
Group A rotavirus (RV-A) is a major cause of severe diarrhoea in the young of humans and animals (Estes & Kapikian, 2007) . The RV-A genome consists of 11 segments of dsRNA that encodes six structural and six non-structural proteins (Estes & Kapikian, 2007) . The RV outer capsid proteins, VP7 and VP4, elicit neutralizing antibodies and induce protective immunity. Therefore, monitoring the diversity of the VP7 and VP4 genes are important for vaccine development (Estes & Kapikian, 2007) . To date, RV-A strains are classified into at least 25 G and 33 P genotypes on the basis of differences in their VP7 and VP4 gene sequences, respectively (Abe et al., 2009 (Abe et al., , 2011 Collins et al., 2010; Esona et al., 2010; Estes & Kapikian, 2007; Matthijnssens et al., 2008a, b; Schumann et al., 2009; Solberg et al., 2009; Ursu et al., 2009 ). Among them, in humans, G1, G2, G3, G4 or G9 in conjunction with P[4], P [6] or P [8] have been reported widely, while, of recent, G12 is emerging as a globally important human genotype (Greenberg & Estes, 2009; Santos & Hoshino, 2005) . Although most of the studies on genetic diversity of RV-A are limited to the VP7 and/or VP4 genes, the segmented RV-A genome is vulnerable to frequent reassortment events, and therefore, full genomic analyses of RV-A might be essential to pinpoint the true origin of a strain. Recently, the Rotavirus Classification Working Group (RCWG) proposed a full genome-based classification scheme, providing an ideal platform for deciphering the complex genetic diversity of RV-A strains (Matthijnssens et al., 2008b) . However, this scheme has been primarily applied to human RV-A with unusual, or novel G and/or P genotypes (Bányai et al., 2010; Esona et al., 2011; Ghosh et al., 2011; Martella et al., 2010; Steyer et al., 2010) , while currently circulating common strains, such as G1P [8] (Antunes et al., 2009; Gurgel et al., 2007; Kirkwood et al., 2009; Martínez et al., 2010; Paul et al., 2008; Pun et al., 2007; Santos & Hoshino, 2005) . However, despite its importance as an enteric pathogen in humans, there are no reports on full genomic analysis of recent human G2P[4] strains, and to date only the full genomes of the prototype G2P[4] strain, DS-1, isolated in 1976, and another Chinese strain, TB-Chen, detected in 1996, have been analysed (Chen et al., 2008; Heiman et al., 2008; Matthijnssens et al., 2008a) . Comparative analysis of the full genomes of recent and older prototype strains are essential to obtain conclusive data on the evolutionary dynamics of common human strains, as was revealed by recent studies on full genomic analyses of a human G1P[8] strain, Dhaka16-03 (Rahman et al., 2010) , and several human G3P[8] strains from the USA (McDonald et al., 2009) . Moreover, it would be interesting to investigate as to whether the currently circulating common human strains are indeed true human strains, or are animal-human reassortants. Therefore, in the present study, applying the RCWG classification scheme, the full genomes of two human G2P[4] strains, MMC6 and MMC88, detected in Bangladesh in 2005, were analysed. In addition, a search across the GenBank database revealed the complete or nearly complete coding sequences of the 11 gene segments of three human G2P[4] strains, LB2744, LB2764 and LB2772 (collectively referred to here as the 'LB strains'; GenBank accession numbers are mentioned in Supplementary Table S1 , available in JGV Online), detected in USA during [2005] [2006] . These strains were also included in our analysis.
RV-A G2P
[4] strains MMC6 and MMC88 were detected in diarrhoeal stool samples collected from a 10-month-old and a 11-month-old infant, respectively, at the Mymensingh Medical College Hospital, Mymensingh District, Bangladesh, in 2005 (Paul et al., 2008) . Both the strains exhibited short RNA migration patterns and had subgroup I specificity, and by RT-PCR-based G-and P-genotyping assays, were assigned to G2 and P[4] genotypes, respectively (Paul et al., 2008) . By phylogenetic analyses, the VP7 genes of MMC6 and MMC88 were found to cluster within genotype G2 cluster 5, while the VP4 gene of MMC6 clustered within genotype P[4] cluster 3 (Paul et al., 2008) . In the present study, we determined the full-length nucleotide sequences of the VP1-3, VP6 and NSP1-5 genes of strains MMC6 and MMC88 and VP4 gene of strain MMC88. Most of the primers used for obtaining the full-length nucleotide sequences of these gene segments have been reported previously (Gentsch et al., 1992; Taniguchi et al., 1992; Ghosh et al., 2010a Ghosh et al., , b, 2011 Wang et al., 2010) . Additional primers designed in this study are shown in Supplementary Table S2 (available in JGV Online). Nucleotide sequences were determined using the BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems) on an automated sequencer (ABI Prism 3100). Sequence comparisons were carried out as described previously (Ghosh et al., 2010a (Ghosh et al., , b, 2011 . Phylogenetic trees were constructed by the neighbour-joining method (Saitou & Nei, 1987) using MEGA (v4.1) software. The trees were statistically supported by bootstrapping with 1000 replicates, and phylogenetic distances were measured by the Kimura two-parameter model.
The complete genomes of human G2P[4] strains MMC6 and MMC88 were 18612 bp in size. By nucleotide sequence identities and phylogenetic analyses, both the strains exhibited a typical DS-1-like genotype constellation (G2-P[4]-I2-R2-C2-M2-A2-N2-T2-E2-H2) ( Fig. 1a-k ; Supplementary Tables  S3 and S4 , available in JGV Online). With the exception of the VP3 gene, strains MMC6 and MMC88 exhibited a high degree of genetic relatedness with each other  Supplementary Tables S3 and S4 ). With the whole genomes of other RV-A strains, both the strains shared high levels of genetic relatedness with the (i) VP1-2, VP6 and NSP1-5 genes of the G2P[4] LB strains, and human G9P[6] strain GR10924/99 from South Africa, (ii) VP1-2, VP6, NSP1-3 and NSP5 genes of human-animal (bovine and/or porcine) reassortant G8P[6] strain DRC86 and G8P[8] strain DRC88 from Congo, (iii) VP1-2, VP6, NSP1, NSP3 and NSP5 genes of human G12P[6] strains RV161-00, RV176-00 and N26-02 from Bangladesh, (iv) NSP2 genes of strains RV161-00 and RV176-00, and (v) VP2, VP6 and NSP1-5 genes of human-bovine reassortant G6P[6] strain B1711 from Belgium ( Fig. 1c -e, g-k; Supplementary Tables S3 and S4 ). High levels of genetic relatedness were also observed with the partial genomes of several other human strains, such as the VP6 and NSP1-5 genes of G2P[4] strain NR1 and VP6 and NSP2-3 genes of G2P[4] strain IS2 from eastern India, and VP6 and NSP4 genes of G2P[8] strain SK424 from Bangladesh (Fig. 1c , g-k; Supplementary Tables S3 and S4 ). On the other hand, lower levels of genetic relatedness were observed with the VP1-2, VP6 and NSP1-5 genes of the prototype G2P[4] strain DS-1, the VP1, VP6 and NSP2 genes of strain TB-Chen, and VP1 and VP6 genes of G2P[4] strain S2, detected in 1980 ( Fig. 1c -e, g-k; Supplementary  Tables S3 and S4 ). Interestingly, strains MMC6 and MMC88 appeared to be more related to the VP1, VP6 and NSP2 genes of caprine RV-A strain GO34 than those of strains DS-1, TB-Chen and S2 (Fig. 1c, d, h ; Supplementary Tables S3 and S4 ). The nucleotide sequence identities exhibited by the MMC strains to the VP2, NSP1 and NSP3-5 genes of strain TB-Chen, VP2 and NSP3-4 genes of S2, NSP5 gene of IS2, and NSP4-5 genes of G2P[4] strain KUN, isolated in 1982, were comparable to those shared with the G2P[4] LB and above-mentioned non-G2P[4] strains ( Supplementary Tables S3 and S4 ). However, by phylogenetic analyses, MMC6 and MMC88 appeared to be more closely related to the recent G2P[4] LB and the non-G2P[4] human strains than these older G2P[4] strains ( Fig.  1e, g, i-k) . The VP3 gene of strain MMC6 exhibited high levels of genetic relatedness to those of the G2P[4] LB and DS-1-like non-G2P[4] human strains, whilst that of MMC88 shared maximum nucleotide sequence identities of 97.4 % with that of caprine strain GO34, and by phylogenetic analysis, clustered with the caprine strain, away from the cluster consisting of these human strains ( Fig. 1f ; Supplementary Table S3 ).
Taken together, excluding the VP4 and VP7 genes, and with the exception of the VP3 gene of strain MMC88, strains MMC6 and MMC88, the G2P[4] LB strains, and the partial genome of strain NR1, detected in 1999, appeared to be more closely related to different genes of several Full genomic analyses of G2P[4] RVs contemporary non-G2P[4] human strains (detected in the 2000s) than the older G2P[4] strains, such as DS-1, KUN and S2, detected almost three decades ago, and strain TB-Chen, detected in 1996. However, by phylogenetic analyses, the VP2, VP3, NSP1 and NSP3-5 genes of strains MMC6, MMC88 (except for the VP3 gene), the G2P[4] LB strains and the non-G2P[4] strains (clustering with the MMC strains), and NSP1 and NSP3-5 genes of strain NR1 appeared to evolve from or share the same ancestor as those of the prototype strain DS-1, or other older G2P[4] strains, such as TB-Chen, KUN (NSP4-5 genes) and S2 (VP2-3 and NSP3-4 genes) ( Fig. 1e-g, i-k) . On the other hand, the VP1, VP6 and NSP2 genes of strains MMC6, MMC88, the G2P[4] LB strains and the related non-G2P[4] strains, and VP6 and NSP2 genes of NR1 clustered near those of the caprine strain GO34 (and VP6 genes of bovine RUBV strains), and appeared to be distantly related to those of strains DS-1, TB-Chen and S2 (VP1 and VP6 genes) ( Fig. 1c, d, h) . Therefore, not all the genes of these recent G2P[4] strains, or older strains, such as NR1, appear to have evolved from or shared a common ancestor with those of the prototype or other older G2P[4] strains, rather a common origin for the VP1, VP6 and NSP2 genes of these strains and related non-G2P[4] strains with those of the caprine strain was envisaged.
Although data on VP3 gene analysis is limited, this gene was believed to segregate according to species of origin (Cook & McCrae, 2004; Subodh et al., 2006) . Moreover, Hoshino et al. (1995) had proposed a role of the VP3 in host range restriction. To date, reassortant human RV-A strains which possesses only VP3 gene from other host species has never been reported under natural conditions. However, reassortant strains with the VP3 gene and at least one more gene of animal origin have been reported from cases of human diarrhoea. The VP3 and VP7 genes of human G6P[6] strain B1711 were shown to be derived from ruminant strains (Matthijnssens et al., 2008c) , whilst strain 6787/2000/ARN was reported to have porcine-like VP3 and NSP5 genes in the background of Wa genogroup (Esona et al., 2011) . Interestingly, the VP3 gene of strain MMC88 exhibited maximum genetic relatedness to that of the caprine RV-A strain, GO34, also detected from the same area in Bangladesh (Ghosh et al., 2010a) , whilst its remaining genes were closely related to those of DS-1-like human strains ( Fig. 1c-k ; Supplementary Tables S3 and  S4 ). Therefore, it is likely that MMC88 might have acquired its VP3 gene from a co-circulating GO34-like caprine strain, possibly through reassortment. The presence of unhygienic conditions and close proximity of humans to livestock at the sampling site might have Full genomic analyses of G2P[4] RVs facilitated such an event. To our knowledge, the present study is the first report of a reassortant RV-A strain with only the VP3 gene derived from other host species. Moreover, strain MMC88 is the first reported human G2P[4] strain with a gene derived from animal host species.
The VP7 of G2 genotype is a component of the pentavalent RV vaccine, RotaTeq, which has been shown to be both immunogenic and efficacious (Vesikari et al., 2006) . Recently, the G2 sequence of RotaTeq was classified as G2 lineage 2, whilst most of the currently circulating strains were found to cluster within G2 lineages 4 and 5 . Strains MMC6 and MMC88 (Paul et al., 2008) , and the G2P[4] LB strains also belonged to G2 lineage 5 (Fig. 1a) . However, comparisons of the deduced VP7 amino acid sequences of these recent G2P[4] strains with those of the older G2P[4] strains and the G2 component of RotaTeq revealed a few amino acid differences in the antigenic regions among these strains, of which, two mismatches at positions 87 and 96 were exclusively between the recent strains and the vaccine component ( Supplementary Fig.  S1 ). Although the implication/s of such mismatches on the efficacy of a vaccine remain to be determined, continuous monitoring of such changes may be useful in evaluating and updating the vaccines over time (Rahman et al., 2010) .
In conclusion, the present study, though limited to the whole genomic analyses of a few recent strains, highlighted the complex patterns of evolution of G2P[4] RV-A strains, even within the same genogroup. Although intergenogroup reassortants exist, such strains may be less fit and selected against in nature (McDonald et al., 2009) . Corroborating this hypothesis, none of the G2P[4] strains analysed in this study exhibited an intergenogroup genomic constellation. However, even within a genogroup, there may be preferences towards maintaining a certain stable genome constellation (McDonald et al., 2009 ). This might have accounted for the differences observed between the genomes of these recent G2P[4] strains and the prototype strain, and their close relatedness to those of the contemporary non-G2P[4] strains. However, full genomic analyses of several other currently circulating and older G2P[4] strains as well as other common DS-1-like strains are required to validate this hypothesis. Although most studies focus on full genomic analyses of human strains with unconventional G and/or P genotypes, common human strains may also possess genes of animal origin, as was revealed in the present study. Therefore, comparisons of the full genomes of human strains, even those with conventional G-P genotypes, with those of co-circulating animal RV-A strains might be essential to gain a proper understanding of the animalhuman reassortment events occurring under natural conditions. Taken together, the present study underscored the importance of full genomic analyses of common circulating strains in obtaining conclusive data on the complex evolutionary dynamics of human RV-A strains.
